After the introduction of the dengue-2 (16681) virus by intradermal (i.d.) injection into the footpads of mice, Langerhans cells (LCs) increased in numbers within 24 h at the site of injection and neutralising antibody developed. On comparing the i.d. and intramuscular (i.m.) routes, antibody was produced more rapidly and at higher levels when the virus was injected by the i.d. route. Subsequent re-challenge by the i.d. route produced an even more rapid serological response with all mice producing significant neutralising titres within 12 h. Numbers of ATPase-positive LCs varied with time. A significant sharp drop in LC densities in the early post-injection phase directly correlated with the increased numbers of dendritic cells in the superficial dermis and interfollicular sinuses of draining lymph nodes (LN). Immunofluorescence showed the presence of viral antigen in the footpad epidermis and draining LN within minutes or within 2 h of challenge, respectively.
Introduction
Intradermal (i.d.) vaccination has received increasing interest as it requires only a small dose of antigen and induces good antibody titres. Various strategies for reducing the volume of vaccine injected without diminution in immune responses have been considered for vaccines that are expensive or scarce. These studies have shown economic success rates of 60-90%. Vaccines currently administered successfully by the i.d. route are bacterial vaccines such as diphtheria/ tetanus/pertussis (DPT) [l] , cholera [2] , BCG [3] , and viral vaccines such as influenza [4] , rabies [5, 6] and more recently hepatitis B [7] . Furthermore, i.d. injections by painless jet injector, which demands less skill, appear to provide a successful method for mass vaccination programmes [I] .
The local cellular basis responsible for induction of systemic immunity after i.d. injection has not yet been studied. However, epidermal Langerhans cells (LCs) are known to play a critical role as antigen-presenting cells [8] . Different types of antigens (simple haptens, Virus strain DEN-2 virus (16681) , titre 2.7 x lo5 pfu/ml, isolated from the serum of a DHF patient with DHF in Bangkok, Thailand [15] , was obtained from the Center for Vaccine Development, Mahidol University. This strain is the parent strain of the DEN-2 PDK 53 candidate vaccine virus.
Mouse challenge
Preliminary experiments established that a volume of 0.05 ml of virus inoculum was tolerable for the footpad skin, when injected i.d. with a 25-gauge needle. An inoculum of 0.05 ml was therefore used throughout. Only mice receiving a successful i.d. injection, demonstrated by the characteristic blister, were included in the experimental groups. 
Primary antibody response.

Enzyme histochemistry of epidermal LCs
Specimens of skin were excised from the hind footpads at the same time as the blood was collected for serology. The skin was incubated at 37°C in a buffered solution of 20 mM EDTA (pH 7.4) for 2 h as described by Scaletta and MacCallum [17] . Whole epithelial sheets were readily separated from the dermis with watchmaker's forceps. The epidermal sheets obtained were fixed and incubated to demonstrate ATPase activity as described previously [18] . LCs in the epidermal sheet were then visualised by light microscopy and their numbers were estimated with an eyepiece graticule. Twenty fields chosen at random for each specimen were counted. The area of the field count was calculated and LC density was expressed per mm2 of epidermal surface area.
Size measurement and histological study of popliteal lymph nodes
Popliteal lymph nodes (LN) were removed from both sides at the same time intervals as the footpad skin and measured with a vernier caliper (Mitutoyo, Japan); the size of the LNs was expressed in mm3. They were then fixed in phosphate-buffered formalin lo%, stained with haematoxylin and eosin, and examined by light microscopy.
Neutralisation test
Serum samples collected before injection and on days 1, 7, 14, 21, 28, 35 and 42 after injection were examined for plaque reduction neutralising antibodies (PRNT) as described previously [ 161.
Histological study of footpad skin At 2, 5, 10 and 15 min and 2 h after a single i.d. injection into the RFP, footpad skin was excised from both sides and fixed overnight in glutaraldehyde 1% plus paraformaldehyde 4% in 0.1 M phosphate buffer. They were post-fixed in osmium tetroxide 1% in 0.1 M phosphate buffer for 2 h, dehydrated through a graded series of alcohol and embedded in EM bed 812 (Electron Microscopy Science, Washington, PA, USA). Sections (1 p ) were cut and stained with toluidine blue [20] for light microscopy.
Immunofluorescence
At 2, 5, 10 and 15 min and 2 h after a single i.d. injection into the RFP, footpad skin and popliteal LNs were excised from both sides and snap frozen. Cryostat sections of 6 p m thickness were picked up on slides, stained with FITC-conjugated anti-dengue antibody [19] and mounted in buffered glycerol.
Statistical analysis
For statistical comparison between LC densities in RFP and LFP, the unpaired two-tailed Student's t-test was used and a p-value of < 0.05 was regarded as significant.
Results
The blister formed on the footpads after injection generally subsided within 2 h and completely disappeared by the next day.
LC densities and antibody response after the first injection
Epidermal LC densities in RFP and LFP are shown in Fig. la . The LC densities in the RFP increased slightly at the site of injection by day 1, dropped significantly (p < 0.01) on day 7 and were lowest by day 14. The LCs then gradually increased in numbers and by day 35 had returned to the same density as on day 0. Similarly, in the LFP, the LC densities dropped significantly (p < 0.01) by day 7, as for the RFP, and were lowest by S. TAWEECHAISUPAPONG ET AL. day 21. On day 28, the LC densities in LFP had recovered, but only to the same density as on day 7.
The mean differences in size of the popliteal LN on the right minus the left in relation to the period after injection are shown in Fig. lb . The right popliteal LN showed two phases of enlargement on days 7 and 21. Microscopy of the enlarged LN showed hypercellularity of the paracortical area, including loss of demarcation between cortical and paracortical zones.
There was a marked increase in the number of tingible body macrophages on day 1 and day 7. Few germinal centres were detected on day 14.
Serum PRNT titres to DEN-2 virus in the mice group 1 after a single i.d. injection were first detected on day 21 in two of three mice (titres 19 and 22), and they gradually increased until day 35. The antibody titres had declined by day 42 (Fig. lc) . In the mice in group 2, which were matched for comparison of the immune response between mice receiving i.d. versus i.m. injections, it was demonstrated clearly that higher PRNT titres developed in mice that received i.d. injection and these responses were seen from day 7 to day 28 (Table 1) .
Histological findings in Epon sections
Semi-thin Epon sections of normal footpad skin showed moderate numbers of clear cytoplasmic cells residing between the keratinocytes in the basal zone ( Fig. 2A and B) . Occasionally, dendritic cells (DC) were present in the uppermost dermis, beneath the epidermal basement membrane (hereafter called superficial dermis). In the footpad skin into which virus had been injected, marked changes were first observed 5 min after injection. There were increased numbers of LCs in the epidermis and stellate shaped DC in the superficial dermis. Numerous LCs were seen around the area of viral inoculum deposit after 15 min ( Fig. 2C-E ). An acute inflammatory reaction was not found, but mast cell degradation could be noted in the microvascular zone. A mild degree of hyperamia was sometimes observed in some of the capillaries. No other histological abnormalities were seen.
After 2 h, the area of inoculum deposit in the epidermis had disappeared. The number of LCs in the epidermis had decreased and the numbers of DC in superficial dermis were markedly increased. In the popliteal LN, an increase in the number of DC was seen in the interfollicular sinuses; they were surrounded by numerous lymphocytes.
Immunofluorescence
At 2 and 5 min after injection, the footpad skin showed clumps and small specks of antigen reacting with < lo,< 10,13,13,14 < lo,< lo,< lo,< lo,< 10 < lo,< lo,< 10,11,100 14 < lo,< 10, 25,25,29 14,25,26,27,27 28 FITC-conjugated anti-dengue antibody in scattered foci within both the epidermis and superficial dermis. However, it was not clear whether they were inside or outside cells. The control tissue that had not received an injection of virus did not show any fluorescence. After 10 and 15 min and 2 h, the clumps of antigen had diminished, and an increase in specks of antigen was observed. The ipsilateral draining LN collected at 2 h after injection showed a few scattered single cells reacting with the FITC-conjugated antidengue antibody in the cortical zone. The fluorescence was diffuse around the periphery of the cells.
LC densities and serological response after second injection
The mean densities of epidermal LC in RFP and LFP in mice in groups 1 and 2 in the experiment to examine the secondary response varied in relation to time after injection (Fig. 3a) . The highest LC densities were c. 1500 cells/mm2 and the lowest c. 900 cells/mm2. A statistically significant (p < 0.01) alternating high rise and sharp drop in LC densities were noted on day 1 through to day 4 in both RFP and LFP in mice in group 1 that were given the second dose into the RFP. In group 2 mice that were given the second dose into the LFP, a sharp drop in LC densities in both footpads was noted on days 2 and 3 followed by a high rise on day 4, which fluctuated insignificantly through to day 56.
The ipsilateral draining LN showed a gradual enlargement after the second injection in both groups of mice. It had more than doubled in size within the first 3 days (Fig. 3b ) and there were immune reactive histological features. The earlier rise in PRNT titres as detected 4 days after the second injection in both groups of mice (Fig. 2b , Table 2 ). Markedly higher titres were noted in group 1 mice, commencing on day 4 and reaching a plateau within 12 days after injection. The maximum titres attained were > 14 times higher than the primary PRNT titres. By day 21, both groups of mice showed declining titres of neutralising antibodies, nevertheless, high titres of antibodies persisted throughout the study period.
Discussion
The present study showed evidence that i.d. immunisation of mice with .DEN-2 virus initiated both the primary and secondary immune responses (Table 1 and  Table 2 ). In the matched groups of mice, the i.d. route induced a greater primary immune response in most of the experimental mice than did i.m. injection. The lag phase before antibody production was shorter and PRNT titres were higher and persisted longer after i.d. injection. The secondary antibody response was more intense when the second injection was given in the same footpad as the first. Extrapolating from the intense reactive response observed here, it is possible that a small dose of virus in the second booster injection would be adequate and appropriate to produce solid protective immunity.
Epidermal LC densities at various time intervals after i.d. injection varied (Figs. la, 2a) . One possible explanation for the change is that the migratory activities of epidermal LCs varied after exposure to the virus. It is well established that LC have the ability to pass through the basement membrane into the dermis [21, 221, where they are re-named dendritic cells (DC). In the present study, an increased number of DC was first observed in the dermis of the footpad < lo,< lo,< lo,< lo,< 23,46,56,60 24,24,24,25,25 42,42,42,50,84 58,58,94,150,170,380 120,170,190,2 10,300 200,2 10,230,260,270,300 330,370,380,380,800 200,740,800,800,820,860 88,90,96,100,180 86,88,100 90,100 10,12,22,22,44,60 22,23,29 12,12,19,20,26 50,64,84 26,26,26,49,52,52 25,92,100,120,170 82,94,120,120,180 60,86,92,130 25,94,140,190,200,700 88,90,98,98,2 10 50,92 56,84,90 skin 5 min after injection. Most of the DC were in the superficial dermis. The immunophysiology of LC migration is not clear at present. However, there is evidence from this study of LC migration from the epidermis after virus injection, as increased numbers of DC in the dermis correlated with the reduction of the local density of epidermal LCs at the site of antigenic challenge. After this phase, it was noteworthy that the LC density at the site of antigenic challenge increased. A probable explanation for this may be that LCs in the surrounding epidermis and more remote areas were attracted to the antigen challenge site to replenish LC number and to facilitate transport of the antigen to the draining LN. Another explanation that could be considered for the increase in LCs is that there is a continuous supply of LCs from the blood bringing precursors originating in the bone marrow [23] . Many experiments have indicated that the mechanisms underlying LC movement are mediator dependent [24-261. The present study did not demonstrate the presence of mediators, although migration of LCs was apparent. Based on these data, we propose that the increase and decrease in LC densities observed in present experiments reflects a state in which the rate of LC replenishment at the site of antigenic challenge in the footpad is higher or lower than the rate of migration. As the statistically significant (p < 0.01) slight increases and sharp decreases in LC densities occurred in the early phase after injection, it is probable that a large number of LCs had migrated rapidly out of the epidermis at a rate far exceeding that of replenishment. The finding that decreased LC densities in the LFP (that had not received an injection of virus) paralleled those in the RFP (into which virus had been injected) between days 7 and 21 of the experiment (Fig. la) was unexpected. However, it is possible that an intradermal mobilisation of remote epidermal LCs was underway to reinforce the depleted LCs surrounding the antigen challenge site. Similarly, a parallel variation in LC densities was apparent in the experiment conducted to demonstrate the effects after the second injection (Fig.  2a) . Among the varying densities of LCs, the highest observed were 1505 SEM 31 and 1493 SEM 26 cells/ mm2, in mice of groups 1 and 2, respectively, and were slightly elevated from the normal, 1441 SEM 37 cells/mm2. The lowest densities of LCs were 973 SEM 36 and 1056 SEM 24 cells/mm2 in mice of groups 1 and 2, respectively. The decrease was approximately one-third of the normal density. A similar observation of reduction by one-third has also been observed by other investigators , after application of contact allergens followed by immunolabelling of an epidermal sheet preparation. This one-third decrease may represent the migration capacity or physiological limit of epidermal LC density. *Mice were first given 0.05 ml of DEN-2 virus (1.35 x lo4 pfu) by i.d. injection into their RFP followed by a second injection into the same (group 1) or the other (group 2) footpad 35 days after the first injection. Each group consisted of 3-10 mice.
Massive migration of LCs in the early phase after the first or second injection of DEN-2 virus led to an accumulation of DC in popliteal LN which was evident from the histological sections. Immunofluorescent staining confirmed the deposition of inoculated antigen in the cutaneous areas a few minutes after injection. Further antigen-bearing cells could be localised in the draining LN by 2 h. This observation is consistent with those of several other investigators [30, 3 11 who examined skin sensitisation of mice. Furthermore, Kripke et al. [32] have provided compelling evidence that the antigen-bearing lymph node DC are derived from epidermal LCs. Neefjes and Ploegh [33] have recently shown that, after endocytosis of exogenous antigen, antigen-presenting cells degrade the antigen in the endocytic pathway and fragments of this antigen are associated with MHC class I1 molecules. The peptide-class I1 complex takes 1-3 h to transverse the endocytic route and re-appear at the cell surface. The observations in the present study of dengue antigen-bearing cells in the draining LN 2 h after injection are in accordance with the time required for intracellular assembly and transport of MHC class I1 molecules to complex with the processed antigen, which is then expressed on the cell surface for recognition by T-helper cells.
Enlargement of the ipsilateral popliteal LN during the development of both primary and secondary serological responses (Figs. lb, 3b) is consistent with observations in immune reactive LN by several investigators [34, 351. The first enlargement of LN is due to the accumulation of DC, increasing lymphocyte influx, inhibition of lymphocyte exit and oedema [36, 371. At the end of lymphocyte recruitment, the size of LN decreased for a variable period of time and was followed by a second enlargement phase. This was related to continued increase in the proliferation of germinal centres and increased LN cellularity. These experiments have shown also that rising levels of antibodies correlated with the day of secondary enlargement of LN both after the first and second virus injection (Figs. lb, lc, 3b) . The possibility of an alternative antigen pathway [38] which operated in the secondary immune response in the mice was not investigated in this study.
The cellular events observed in the present study showed that it was solely the skin LC/DC that exercised the role of antigen transport and presentation that stimulates an adequate co-operation between the effector phases of the immune system to elicit the success of i.d. immunisation. The skin LC play a crucial role as potent antigen-presenting cells when compared with others in the macrophage-monocyte lineage.
